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FOREWORD

On February 10, 1981, four independent reviewers were asked by Ronald L.
Thomas, Manager of the Wind Energy Project Office at the NASA Lewis Research
Center, to attend the Second DOE/NASA Workshop on Wind Turbine Dynamics (Feb.
24-26, 1981 in Cleveland) and to assess the analysis tools available for
predicting the structural dynamic behavior of large wind turbines. The
reviewers were selected on the basis of their experience and authority in the
fields of structural and rotor dynamics. This report contains their review
comments, with a summary by Professor Robert W. Thresher of Oregon State
University.

The Wind Energy Project Office expresses its appreciation to these expert
reviewers for their care and insight in the preparation of the following
reports. Every effort will be made to improve the quality and scope of
structural dynamics analysis methods employed in the design of large wind
turbines, in accordance with reviewers' recommendations.
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Summary of Reviewers Comments
from

The Review of Structural Dynamics Analysis Tools for
Design of Large Wind Turbines

by
R.W. Thresher

Mechanical Engineering Department
Oregon State University

April 29, 1981

Introduction

The Wind Energy Project Office at NASA Lewis Research Center, requested four
independent reviewers to make comments on the working level of structural
analysis methods for the design of large wind turbine systems. The reviewers
selected were:

Professor John Dugundji

Department of Aeronautics and Astronautics
Massachusetts Institute of Technology
Cambridge, MA

Dr. K.H. Hohenemser
2421 Remington Lane
St. Louis, MO

Professor R.W. Thresher
Mechanical Engineering Department
Oregon State University
Corvallis, OR

Mr. W.C. Walton, Jr.
NASA-Langley Research Center
Hampton, VA

In a memo to the reviewers, Mr. Ronald Thoimas, Manager of the Wind Energy
Project Office, set forth the foliowing three questions to focus the scope
of the four reviews:




1. Is the current working level of analytical methods satisfactory
to support the design of the next generation of large wind
turbines?

2. Is the large wind turbine community making use of available
analytical tools?

3. Are there other areas of concern in the entire field of wind
turbine structural dynamics, including analysis, design, and
testing?

Summary of Review Results

In order to summarize these reviews, I would like to present the responses
to these specific questions in as short a form as possible.

Question #1 -

Responses:

J. Dugundii

K. Hohenemser

R. Thresher

W. Walton

Is the current working level of analytical methods satisfactory
to support the design of the next generation of large wind
turbines?

"In aerodynamics, for HAWT's, the state-of-the-art tools seem
satisfactory for performance analyses, but not for dynamic
loads and unsteady effects. In structural dynamics, for
HAWT's, the state-of-the-art tools seem satisfactory again for
steady-state performance analyses, but not for transient and
dynamic loads. In acoustics, the state-of-the-art seems to

be emerging satisfactorily."

"The application of available analytical methods cannot guaran-
tee a correct prediction of structural dynamics properties of
wind turbines. Many of the methods are too complex for ap-
lication to dynamic design anyway. The aerodynamic inputs are
crude and oversimplified."

"The dynamic analysis codes have good predictive capability
for the less flexible turbine designs, but I do not feel that
they are satisfactory to support the design of a generution
of highly flexible wind turbines. The computer codes have
not been validated for the soft systems."

"Structural dynamics analysis tools are adequate to srmport
designs of the next large wind turbines."




Question #2 - Is the large wind turbine community making use of available
analytical tools?

Responses:

J. Dugundji No direct response was made to this question, but it was clear
that this reviewer feels the tools are being used satisfactorily.

K. Hohenemser No direct response was made to this question, although the text
implies that the available tools are in use.

R. Thresher "It is my opinion that the large wind turbine technical communi-
ty is making use of the available codes, generally their own.
However, most of the design teams are not confident of their
codes for the new flexible turbines, although few would openly
admit it."

W. Walton "The tools are being satisfactorily utilized."

Question #3 - Are there other areas of concern in the entire field of wind
turbine structural dynamics, including analysis, design, and
testing?

Responses:
J. Dugundji Excerpts from the Personal Impressions Section,

"The wind turbine field is moving ahead steadily, the body of
knowledge is growing, and there is excitement as analysis,
actual hardware, and operational experience develops.

Newer and more bold concepts are being tried, such as upwind
rotors, free yaw machines, teetering blades, partial span
controls, softer mounts, VAWT concepts, etc. More efficient
wind turbines seem to be evolving from these concepts.

Wind Turbine power performance predictions are sensitive
to good estimates of drag coefficient CD.

The 'vortex-ring state' at high tip speed ratios should be
better defined and recognized.

VAWT aerodynamics and structural dynamics seem more difficult
than for HAWT's. This is partly due tc the fact that unlike
HAWT's, the VAWT's have no comparable established helicopter
theory to draw from,

More accurate knowledge of aerodynamics requires investiga-
tion of vortex theories for both HAWT's and VAWT's,




K. Hohenemser

For HAWT's, the free yéw behavior should be investigated
further. The effects of coning angle, wind gusts, and yaw
gusts should be better defined.

Knowledge of atmospheric turbulence is being gathered and
applied to determine the power quality and fatigue response
of the rotors. These involve random stochastic processes.
Also required is a good discrete gust load criterion, based
on statistical experience, comparable to the 1-cos gust used
in the design of aircraft. Survival at hurricane wind loads
seem to be reasonably defined.

Effects of transient loads such as gusts, emergency shut-downs,
braking, on-off operation, etc., are still difficult to

‘predict because of importance of damping, nonlinear effects,

etc. Also, the amplitudes of loads and stresses at resonances
and when passing through resonances are very difficult to pre-
dict and to assess their subsequent damage.

Experimental operational experience and theoretical analysis
must proceed together hand-in-hand for designing future turbines.
Large machines tend to use analysis more heavily than small
machines, which often favor a build them and run them approach.

More simplified analyses, such as the whirl flutter analysis
of a teetered rotor reported here, should be performed in
order to understand the basic mechanisms involved. Longer,
more complicated computer codes should only be done as a
final verification of the system.

The "bins" format seems to be a good way of standardizing the
performance evaluation of wind turbines.

The description of the many small wind turbine failures at
Rocky Flats points to the need for more engineering rigor and
better detail design for such machines.

The small turbine people are interested in quick and simple
computer codes to help them design their turbines."

The following is from the Summarized Conclusions Section of
his review.

"The application of available analytical methods cannot guaran-
tee a correct prediction of structural dynamics properties of
wind turbines. Many of the methods are too complex for appli-
cation to the dynamic design anyway. The aerodynamic inputs
are crude and oversimplified. The estimation of stiffness
characteristics is difficult and may be erroneous. Particu-
larly large errors must be expected in the prediction of
resonance responses because of the uncertainties about aero-
dynamic and structural damping. Random inputs should be used




R. Thresher

where available. Random response analyses are the natural

tools for determining the long term structural survival
probablility. While the analytical tools for estimating
linear aeroelastic stability margins are at hand, this is
not the case for stall induced nonlinear phenomena like
stop pounding of teetering rotors. Because of the unrelia-
bility of analytical predictions, funding of new wind tur-
bine projects should include a generous portion for an ex-
tended period of development testing to correct possible
errors in the structural dynamics design. The structural
dynamics problems are relatively benign for HAWT's, par-
ticularly for upwind designs. These problems are more
difficult for vertical axis machines with their strongly
nonuniform blade loads aggravated by wake crossings."

The following is an excerpt from the section Some Thought
and Suggestions.

"The design considerations for the new "soft" systems which
seem to be of concern to a large number of people are the
following:

. Dynamic loads and their computation for soft structures.
. Static and dynamic stability of flexible turbines.

. Control system interactions with the flexible structure.
. Fatigue life and its computation,

BN -

These design considerations are directly related to the
following basic technical issues of broader interest:

Yaw aerodynamics modeling and turbine forces.

. Turbulence and the resulting aerodynamic forces.
Stall phenomena and the resulting aerodynamic forces.
Wake behavior and aerodynamic forces.

. Damping in wind turbines and the resulting loads.

o A0 oe

The design concerns and the technical issues are tied to-
gether in several ways, but the basic problems stem from a
lack of understanding of fundamental physics as it applies to
wind turbines. It may be that we can no longer just adapt
helicopter technology to the needs of wind turbine develop-
ment; we may need to formulate our own theories.

I see two related tasks for improving our dynamics analvsis
capability to reduce the risk associated with the development
of an advanced generation of wind turbines. The first involves
providing the necessary data with which to systematically re-
validate the computer codes for the new soft configurations.
This must be done in such a manner that the areas of strength
and weakness in existing codes can be discovered. Then the
second task will be to improve the predictive capability.

The work should not only involve code validation, but must




include validation of theory. This is the one area that
has received little attention in the past, and is much more
important for the advanced designs, because of our limited
understanding of the basic physics."

W. Walton "'NASA should expedite the development of the MOSTAS code to

the point of valication and documentation or cancel the
project.'

The key points motivating this conclusion are expressed in the review as
follows:

1.

Very generally the companies with wind turbine development contracts
have worked out their own methods and computer codes for structural
dynamics analysis and they have done this in a timely manner.

All the companies have used the NASTRAN code for the supporting struc-
tural analysis and the results have checked well with structural tests.

Very generally the companies have utilized separate procedures for
analysis of vibrations and dynamic stability.

In one instance a company tried the MOSTAS code and rejected it as
unreliable.

In one instance a company used a code developed in-house at a govern-
ment laboratory (NASA/Army Ames Research Center) for substantiation
of dynamic stability.

In one instance a company used MOSTAB (a government supported code
which is a predecessor to MOSTAS) as an aid for vibrations analysis.

In two instances companies have made direct use of personnel and
methods from the helicopter industry for substantiation of dynamic
stability.

None of the companies conveys any impression of inadequacy to deal
with structural dynamics analysis nor do any of them seem to be
seeking assistance.




Review of 2nd DOE/NASA Wind
Turbine Dynamics Workshop, Feb. 24-26, 1981

John Dugundji

The present memorandum gives a brief review of the 2nd DOE/NASA Wind
Turbine Dynamics Workshop, together with some personal impressions of the
general State-of-the-Art by the reviewer. The Wind Turbine Dynamics Workshop
was held at Cleveland State University, Cleveland, Ohio on Feb. 24-26, 1981.
The Workshop Chairman was Dr. David A. Spera of the NASA Lewis Research Center,
while the Program Chairman was Prof. Robert W. Thresher of Oregon State
University. About 175 persons were present.

Purpose and Format of Workshop

In his opening remarks to the workshop, Dr. David A. Spera stated that
the purpose of the workshop was to bring together technical people in the wind
energy field and exchange information on wind turbine dynamic problems. From
these discussion, it was hoped to be able to give answers to the following

questions regarding the design of horizontal axis and vertical axis wind
turbines:

1. Are the State-of-the-Art tools satisfactory?
2. Are the State-of-the-Art tools being used by industry?
3. What important verifications of theory are needed?

Professor Robert W. Thresher, in his opening remarks, discussed the
organization and format of the workshop. There would be essentially four
different session areas, namely, Aerodynamics, Structural Dynamics, Electrical
& Control Systems, and Acoustics. These would be followed later by summary
State-of-the-Art discussions. Papers presented at the workshop plus additional
questions and answers would be subsequently published in a Workshop Proceedings,
which would be available within a few months.

There were 52 papers presented at the workshop, of which about 45% were
from industry, 25% from government, and 30% from universities. A copy of the
actual program agenda is given at the end of this review. These papers provided
a good glimpse of the current research problem areas and State-of-the-Art
regarding wind turbines. A brief description of some highlights from various
session areas follows.

Aerodynamics

R. Wilson presented some analysis of the difficult wake interference
problems associated with VAWT's. Also, he pointed out that for HAWT's,
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unconventional aerodynamic “"vortex ring states" may exist in some off-design
operation states which result in quite different performance than conventional
momentum theory predictions. D, Jeng did some refined HAWT performance calcu-
lations using vortex theory with a rigid wake. T. Egolf also did such refined
vortex theory calculations, and further noted that small errors in drag coeffi-
cient Cp estimates may be more significant to performance calculations than
vortex theory refinements. I. Paraschiviou and T. Base each presented papers
on their analyses of the difficult load prediction and wake interference problems
for VAWT's, while P. Klimas pointed out the need for better experimental per-
formance data measurements on VAWT's, and proposed some experiments that will
include both accelerationand pressure measurements. W. Wentz explored the
possibility of utilizing more efficient laminar flow airfoil sections for wind
turbines. However, he noted that keeping the blades surfaces clean during
operation may offset the benefits from these airfoils.

R. Sundar explored the ramifications of HAWT performance in a turbulent
atmosphere. He modeled wind gust spectra in 3-dimensions and considered the
blade response as it sliced through the turbulence, thereby resulting in a
mean and a fluctuating power coefficient. R. Thresher and W. Holley considered
a similar problem but simplified .the velocity fluctuations into an average
fluctuation over the disk area plus first moments of the fluctuations in the
horizontal and vertical directions. These first moment fluctuations were
important in yaw and pitching responses of the rotor. H. Neustadter discussed
experimental data analysis andpresentation of meaningful performance data on
operating wind turbines using statistical sampling techniques. In particular,
the use of the "bins" method was described. D. Spera discussed methods of
verifying guaranteed minimum power levels for wind turbines, by introducing an
analogy to conventional turbine-generator systems and by using the "bins"
method of statistical sampling. C. Waldon gave an interesting slide presenta-
tion of various fatigue, gqust, and overspeed failures of small wind turbines
at Rocky Flats. He maintained many of these failures could have been prevented
by more careful attention to detail design. W. Frost discussed the experi-
mental measurement of wind turbulence levels, means and fluctuations, at various
actual sites, and their agreement with analytical representations.

Structural Dynamics

J. Dugundji reviewed analysis methods for rotating systems with periodic
coefficients. This dealt with the use of Floquet methods and the use of
multiblade coordinates and harmonic balance methods for investigating stability
and forced response. G. Beaulieu discussed simplified methods of determining
the natural modes and frequencies of twisted blades by using finite differences
and the Myklestad method, rather than large finite element programs. D. Lobitz
considered the natural modes and frequencies of VAWT's. It was found here
that to match experimental resonances, the tower support motions had to be
included, and this led to modification of conventional finite element analyses
to inciude rotating coordinates. D. Janetzke presented a whirl flutter analysis
of a teetered, elastic 2-bladed rotor on a pod free to yaw and pitch. The
simplified analysis reproduced the basic features of a MOD-2 type structure
and seemed to indicate it would be free of the basic flutter instability




I-3

mechanisms. J. Hoffman discussed a hybrid analog-digital simuiator that had

been produced to solve given coupled rotor-tower equations of an HAWT. It

could be useful for quick analyses of the effects of rotor design changes.

Y. Yu addressed some simple analyses that were made to estimate loads and
response of wind turbines in their early design stage. He pointed out signifi-
cantly that most analyses cannot predict resonance amplitudes, since these

are highly dependent on the level of structural damping assumed. Also, transient
starting, stopping and gust loads are apt to be more severe than normal operat-
ing loads, and should be considered in analyses.

J. Glasgow reported on some carefully conducted experimental tests on
the MOD-0 test vehicle. These related to comparisons of upwind and downwind
operation with a teetered rotor. Yaw moments seemed somewhat greater upwind
than downwind, while flatwise bending were predictably less. Equilibrium yaw
angles of 50 degrees were found for free yaw tests. T. Sullivan reviewed
_ resonance responses of the actual MOD-0 and MOD-1 turbines and indicated
procedures to avoid potential resonances. Blade chordwise loads in connection
with odd harmonic resonances of the drive train were noted as well as even
harmonics associated with tower yaw frequencies. G. Bottrell described a
passive cyclic pitch alternative to the teetering rotor to reduce blade moments.
However, one must be careful of any soft torsional pitch spring to avoid a
flutter condition. K. Hohenemser described some interesting experiments with
a small 2-bladed HAWT with cyclic pitch variation and free to yaw. B. Broooks
described some analyses that seemed to confirm roughly the MOD-0 free yaw
behavior. Parametric variations on twist, coning, static balance and a delta
3 hinge were also performed to provide general trends.

Acoustics

, G. Greene discussed estimated versus measured wind turbine noise. For
estimating noise, a combination of analytic methods and wind tunnel model tests
are used and there is general agreement with measured noise. Upwind rotors
were found to minimize noise. M. Snyder reviewed the general wake characteris-
tics downstream of towers. N. Kelley gave a thorough investigation of the
acoustic noise problem encountered by the MOD-1. He presented much on-site
noise measurements and attempted to correlate pressure pulses and frequency
spectra with complaints from residents. He felt much of the noise resulted
from blade-tower interference effects, and could be minimized by decreasing
rotation speeds from 35 to 23 RPM. R. Wells made a similar study of the MOD-1
noise and presented pertinent scaling principles for reducing the noise.

W. Harris presented some analytical predictions of wind turbine noise using
aerodynamic lifting line loads predictions together with acoustic theory. The
reduction of the tower wake interference as well as reduction in rotation speed
was suggested. F. Metzger presented some analytical and measured surveys of
noise levels as well as people's reactions to it. He noted fewer complaints

in towns where the background noise levels were higher. D. Thomson discussed
-refraction focussing of wind turbine noise by terrain, wind shear, and
atmospheric conditions, and suggested that Boone, N.C. with its secluded
valleys, may possibly have an exaggerated noise problem. L. Viterna described
an analytic wind turbine sound prediction computer code developed at Lewis,
while D. Stephens discussed methods for developing wind turbine acoustic
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standards. This latter attempted to set up noise criteria and test people to
determine what levels were psychologically objectionable. These criteria bore
some relation to those investigated a number of years ago in connection with
aircraft sonic boom complaints.

Electrical & Control Systems

The present reviewer did not attend these sessions, since he went to the
simultaneously occurring acoustics sessions instead. However, from the program
and subsequent state-of-the-art summaries, he surmised that research problem
areas there dealt with the interaction of rotor-drive train torsional vibra-
tions and power quality, effective power control systems, coupling of a wind
turbine electrical output to a utility power grid, and interactions between
an array of wind turbines attached to a utility power grid.

Reports on M0OD-1 and MOD-2

In addition to the formal papers, there were two informal progress reports
on the MOD-1 and MOD-2 wind turbines.

D. Spera discussed the status of the MOD-1 turbine in Boone, N.C. The
200 ft. diameter MOD-1 turbine has accumulated over 300 hours operational time.
There has been a noise problem, but they have achieved a 12 db reduction by
operating at 23 RPM rather than the original 35 RPM. Unfortunately, on Jan. 20,
1981, there was a torsional failure of the drive shaft joint just behind the
front hub bearing and all operations ceased until a repair can be made. The
joint normally transferred torque by friction, but some preloaded bolts lost
their preload and the joint failed. The cause of the failure is still being
investigated. It was mentioned also that prior to failure, transient torsional
loads about 80% higher than rated power loads were measured.

J. Andrews discussed the status of the MOD-2 turbine in Glendale, CA.
The 300 ft. diameter turbine has accumulated over 56 hours operational time.
Natural frequencies were tested on-site and seemed to agree within 3% of pre-
dicted values. The performance is being experimentally evaluated using the
bins method described earlier. So far, the turbine seems to be operating
satisfactorily, with no excessive teeter motion, excessive loads, or other
problems. It was mentioned that the blade pitch control mechanism operates
continuously as a rate damper between cut-in speed and rated power speed, to
minimize oscillations. Above rated power speed, the pitch controller acts
conventionally to dump excessive power. Movies were shown of the erection
process at the site and they brought out impressively the large scale of the
operations there. Two more MOD-2 turbines are being erected at the site and
scheduled for completion by May 1981, so that the behavior of three large
turbines and their electrical interactions can be observed.
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State-of-the-Art Summaries

The session authors, chairman, and interested attendees gathered together
after each session and discussed the state-of-the-art in their fields. The
following are brief summaries of their discussions.

In aerodynamics, for HAWT's, the state-of-the-art tools seem satisfactory
for performance analyses but not for dynamic loads and unsteady effects. Further
_work is needed on effects of dynamic stall, wake effects, yaw effects, and off-
design operating regions such as the "vortex-ring state" at high tip speed
ratios. Pressure measurement data also is needed in addition to the overall
force and moments usually measured. For VAWT's, the aerodynamics are much
cruder because of extensive wake interference effects, and more needs to be
done. There seems also more need for atmospheric turbulence and gust environ-
ment statistical data. Manufacturers of large turbines use the state-of-the-art
tools available, whereas manufacturers of small turbines would like simpler tools
and codes. In fact, small turbine manufacturers are more apt to build them and
run them based on limited analyses.

In Structural Dynamics, for HAWT's, the state-of-the-art tools seem
satisfactory again for steady-state performance analyses, but not for transient
and dynamic loads. The normal and the emergency shut down modes often give rise
to the largest loads. Also, drive train braking gives severe loads and eats
into fatigue 1ife. Better descriptions of loadings over entire start-stop
operation is required. In this connection, vibration resonances need to be
avoided. Although their location in the frequency spectrum can often be
identified, the actual amplitudes of the resonances and their subsequent damage
is still not predictable, since this often depends on the structural damping
and the nonlinearities present in the wind turbine. More work and data on
these dynamic loads, fatigue life, and environmental effects is needed. For
VAWT's, the state-of-the-art in structural dynamics is less well developed and
needs more investigation. This is partly due to the fact that unlike HAWT's,
there is no comparable helicopter technology to draw from. Manufacturers of
large turbines use the state-of-the-art tools, while small turbine manufacturers
tend not too. More communication between the two groups is desirable. For
small manufacturers, survival wind loads tend to be a big designing factor,
but they also have many fatigue and transient dynamic failures, as witness
the test experiences of Rocky Flats. More engineering rigor and good detail
design should be applied to these small turbine manufacturers.

In Acoustics, the state-of-the-art seems to be emerging satisfactorily.
Although it is a relatively newproblem for wind turbines, it is based on older
established investigations into propeller noise and sonic booms. Papers in
the workshop dealt with various aspects of the problem such as experimental
methods in wind tunnels, analytical predictions for wind turbine noise, gather-
ing of on-site field data, and development of codes and criteria. The continua-
tion of research into the above aspects of the problem should lead to satis-
factory state-of-the-art tools. At present, only the MOD-1 has encountered a
substantial acoustic problem, and this seems to be associated with tower wake
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interference effects and a sheltered, quiet environment area. Means of dealing
with this and subsequent problems seems to be emerging.

In Electrical & Control Systems, the state-of-the-art tools appear
satisfactory and at hand. Effort is being made to understand better the rotor-
drive train-generator dynamic behavior and the resultant power oscillations in
a given machine. Also, the electrical interaction of a machine with an electric
power grid is being studied more. Since turbines often will be used as arrays
in a wind farm, the electrical interaction between turbines in the array should
also be considered. Both simple models as well as more complex ones can be
used depending on the problem in hand. More experimental data on actual running
wind turbines is needed, and that is now being accumulated.

Personal Impressions

The reviewer's general impression of the 2nd DOE/NASA Wind Turbine
Dynamics Workshop was that of an informative, generally high quality technical
meeting, that brought people together to exchange ideas and that revealed the
present state-of-the-art in wind‘turbine dynamics. The reviewer agrees with
the state-of-the-art summaries presented by the various groups and described
in the previous section. In addition, the reviewer would 1ike to add some of
his personal impressions of the general state-of-the-art, as follows:

The wind turbine field is moving ahead steadily, the body of knowledge is
growing, and there is excitement as analysis, actual hardware, and operational
experience develops.

Newer and more bold concepts are being tried, such as upwind rotors, free
yaw machines, teetering blades, partial span controls, softer mounts, VAWT
concepts, etc. More efficient wind turbines seem to be evolving from these
concepts.

Wind turbine power performance predictions are sensitive to good estimates
of drag coefficient CD. )

The "vortex-ring state" at high tip speed ratios should be better defined
and recognized.

VAWT aerodynamics and structural dynamics seem more difficult than for
HAWT's. This is partly due to the fact that unlike HAWT's, the VAWT's have no
comparable established helicopter theory to draw from.

. More accurate knowledge of aerodynamics requires investigation of vortex
theories for both HAWT's and VAWT's.

For HAWT's, the free yaw behavior should be investigated further. The
effects of coning angle, wind gusts, and yaw gusts should be better defined.

Knowledge of atmospheric turbulence is being gathered and applied.to
determine the power quality and fatigue response of the rotors. These involve
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random stochastic processes. Also required is a good discrete gust load
criterion, based on statistical experience, comparable to the 1-cos gust used
in the design of aircraft. Survival at hurrican wind loads seem to be reason-
ably defined.

Effects of transient loads such as gusts, emergency shut-downs, braking,
on-off operation, etc. are still difficult to predict because of importance of
damping, nonlinear effects, etc. Also, the amplitudes of loads and stresses
at resonances and when passing through resonances are very difficult to predict
and to assess their subsequent damage.

Experimental operational experience and theoretical analysis must proceed
together hand-in-hand for designing future turbines. Large machines tend to

use analysis more heavily than small machines, which often favor a build them
and run them approach. ’

More simplified analyses, such as the whirl flutter analysis of a
teetered rotor reported here, should be performed in order to understand the
basic mechanisms involved. Longer, more complicated computer codes should only
be done as a final verification of the system.

‘The "bins" format seems to be a good way of standarizing the performance
evaluation of wind turbines.

The description of the many small wind turbine failures at Rocky Flats
points to the need for more engineering rigor and better detail design for
such machines.

The small turbine people are interested in quick and simple computer
codes to help them design their turbines.

The description of the MOD-1 failure seems to indicate that unexpected
failures can also occur on large machines. Careful monitoring and inspection
procedures should be incorporated, as well as the more extensive analysis and
design procedures.

The erection of the MOD-2 seemed very impressive, and its operations
so far seem good. It is to be noted that the system utilizes a continuously
active pitch control system to provide damping in the range between cut-in
speed and rated power speed.

The acoustic noise problem from turbines seems to be gathering under-
standing, and means for its control seems to be emerging. The importance of
tower wake interference and quiet, sheltered environment is noted.

The dynamic behavior of the rotor-drive train-generator system seems
an interesting new aerodynamic-structures-electrical power interaction problem
which is being investigated analytically and experimentally. Interesting
effects are beginning to emerge. The interaction of the wind turbine system
with a loaded power grid, and with other machines in a wind farm array
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requires more analytic and experimental investigation. The state-of-the-art
tools seem available for this, yet it will still be interesting to see what
new effects and problems evolve when considering the entire system together.
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Review of Structurcl Dynomics Analysis Methods for Wind Turbines

Kurt H,Hohenemser

1. Overview

The structure of a wind turbine generator is subject to atmos-
pheric cerodynamic inputs and to control inputs. The structural
deflections and their rates usuaclly change the acerodynamic loads

so that an ceroelastic treatment is necessary. Analytical input
models assume either steady flow, transient flow for example from a
discrete gust, or random flow, The structure reacts respectively
with steady vibrations, with a tronsient response, or with random
responses. For the structural dynamics analysis the structure must
be given in terms of a stiffness and mass ond damping distribution,
whereby the stiffness values may depend on deflections leading to
structurol non-linearities. The solution of structural dynaomics
problems involves either stepwise integration of differential equa-
tions or finite element solutions as in the NASTRAN code and in other:
There are so called global codes like Rexor or C-81 ond others which
give a tim%pistory of the respbnsejstorting with certcin initiol
conditions., Mild acerocelastic instaobilities are difficult to recog-
nize from such a time history. A modal onalysis resulting in yhe
various ceroélcstic modes is preferable for stability analyses

since even slowly growiﬁg dynmmic instabilities can be determined
from the complex eigenvalues. The system must be linearized to per-
form a modal onalysis. Such linearization from non-linear trim
conditions is in many cases adequate. If non-linearities are essential

as in stoll induced instabilities a time history method must be used.

2. Aerodynemic Inputs

Aerodynamic inputs for working level methods are crude and inoccurate
Usuolly a steody flow through ghe rotor disk is assumed with varia-
tioné along $he blade span determined by momentum. or vortex wake
considerations. The aerodynamic loads are obtained from two-dimen-

sional oirfoil data. Rather large errors can result from:

2.1 Three-dimensional Flow Effects. Near the blode root the boundary

layer is thinned by centrifugal effects. Much higher lift coefficient:s

are possible as compared to two-dimensional oirfoil dota, Near the
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piade tip a complex flow pattern involving the tip vortex can drasti-
cally chonge the airloads obtained with the working level analy-
tical methods. The shape of the tip vortex aond the resulting loods
depend on the tip geometry,

2.2 Dynomic Stoll Effects In gusts ond in yowed flow certain blade

sections experience transient stall, Little is known about the
effects of a combination of transient stall and flow velocity changes.
They are both ignored in working level methods.

2.3 Inflow Distribution The inflow distribution is usuolly only crude-

ly ossessed. It is strongly affected by the vortex woke pattern. Its
proper computation is beyond working level methods. An erroneous
inflow distribution con have a large effect on the in-plane acero-
dynomic damping which is needed for the assessment of in-plane
blade resonances and of aeroelastic stability margins involving

in-plane blade modes.

2.4 Dynomic Inflow In tronsient or rondom conditions the inflow pottern

varies due to the dynamic interaction of the rotor with the surroun-
ding air. This can have o large effect on control responses but is

usually neglected.

2.5 Random Flow Effects Though not presently considered, random flow

variations can have large effects on performance and on structural
responses. Random flow models play a decisive role in airplone
structural dynomics. Such models have so far not penetrated
helicopter dynamic design procedures because pull-up maneuvers
result in higher dynamic loods than atmospheric turbulence. For
wind turbines the equivalent of a pull-up maneuver is steady
operation in yawed conditions. Whether such o design condition can
be sufficiently severe to yield higher dynamic loods fhan for a

random flow analysis is not <clear,

2.6 Vortex State Under certain conditions wind turbines may be ope-

rating in the socalled vortex state, There are no working level me-

thods avoiloble to assess the cerodynamic inputs in this state.

In summary one can soy thot cerodynomic inputs from working level
methods are not likely to result in correct predictions of structurol
responses or of ceroelastic stability maorgins. This fact_is well
recognized in helicopter technology where an extensive flight test
program is needed for every prototype to uncover the usually large
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discrepancies between predicted and actual airloads. Often structu-~
rol modifications resulfy from the flight test program. In large
wind turbines the situotion may be somewhat better because of the
preponderance of blade gravity loads and of storm survival loads
which at least for some configurations may insure structural relig-
bility in normal operation despite of the deficiencies in the analy-

ti. _.i design methods.

3. Control Inputs .

Controls are used to limit rotor torque, rotor speed and rotor thrust
when operating above rated wind speed. Controls are also used
to either avoid lofge yaw angles with their associated loss of power
« and increose in dynamic loads, or to limit torque ond thrust by
yawing the turbine out of the wind., Since control input%ore rela-
tively slow thqusucl assumption of quasi-steady aerodynomics may be
,acceptable. The possibly large effects of dynamic inflow should be
checked. The selection of the control system has a large influence
on the dynamic loads. It was pointed out during the Workshop that
the usual control feedback from the electrical generator output
ccn.causé substantial turbine aond drive troin loads if an electrical
fault occurs in the grid. Normally the turbine is isolated from the
electrical generator by a very soft interconnection which in itself
will not reoct to electrical faults unless they are transmitted
directly to the rotor by the control feedback system. The same soft
inferconnection makes it unlikely for the turbine to have a detri-
mentol effect on the grid which can absorb without difficulties
the power variations Prigincting in the turbine. It aoppears thot
the complex control systemspsed to obtain an improvement in ghe So-
called " quality of power " are unneccessary and even detrimental
to the wind turbine dynomics. Below roted wind speed electrical power
output will fluctuate widely with wind speed anyway. There appears
to be no compelling reason why power should be held closely constant
above rated wind speed by a sophisticated control system with detri-
mental effects on turbine responses to electricol faults. Synchroni-
zation shocks are easily avoided by adequate drive train flexibility.
Thermal overloads of the generator are aovoided if the mean power IS
i . equal to the rated power independent of power fluctuations about

this mean. Obviously the turbine Qontrol system must be capable
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of preventing excessive tronsient torques close to the * collopse
torque " of the generator,

In some recent designs wind'following is accomplished by free yawing
of a downwind turbine. There are many parameters offecting the free
yowing characteristics like wuptilt of rotor axis, coning angle,
power output, yow damper setting aond others. A prediction of the
free yowing choracteristics requires a sophisticated onclysis ond its
reliablity oppears to be not good. If such a design is selected

a subsequent test period with the potential of appropriate modifi-
cations must be planned. '

For smaller wind turbines the complex blade feathering controls have

occasionally been replaced by a simple furl control of a fixed pitech
rotor, Because of a slower response of a furl control the power
fluctuations above rated wind speed will be greater than for a well
designed blade feathering control. In view of the much simpler
fixed pitch rotor and in view of the greatly reduced storm loads

on a rotor operating almost edgewise to ghe wind dﬁrection, it
would be of interest to study the question whether a fix;d pitch
rotor with furl control has the potential of reducing the cost of
energy also for lorge wind turbines. As compared to a Darius type
of wind mochine the structural dynamics and storm survival loads
shoudd be quite benign and the power excursions should be smaller,

A fixed pitch furling rotor does not need hydraulic or electrical
controls,

Structural Modeling

Structurol modeling of the blaode by either distributed stiffness and
mass or by finite elements is usually not o problem, There are

many non-linear terms which Gan be avoided if linear perturbotions
from a non-linear deformed state ore considered. Despite much empha-
sis in the literature on the non-linearity of the structurol des-
cription, the non-linear terms usually do not have o very large
effect. Most errors arise not from neglected non-linearities but
rather from erroneous evoluations of the stiffness characferistics

of a composite and redundent structure. The same is true of fhe rotor
support, nacelle and tower stiffness properties. Mony free standing
towers do not have a cantilever boundary condition ot  ‘the foundation,

its assumption can cause large errors in the predicted tower dy-
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namics. Even with the more sophisticated methods used in helicop-~
. ’ ter structuralvdyncmics it is rare that the dynamic characteristics
can be properly predicted during the design phase. Modifications
must then be made on the basis of ground and flight testing. Similal
experiences have been made with wind turbines. One connot expect

that future designs wilb be much better unless they are very simi-
lar to preceding ones.

S Analysis Methods

5.1 Mocal Analysis. The simplest ond most important method is a linear

modal analysis resulting in the undamped modes aond natural frequen-
cies of the system. The anaolysis is first performed for one blade

at rest and for the rotor support system. The effects of rotation
and of coupling between blades and between rotor and support are then
added, If the support stiffness is symmetrical one obtains in the
rotating reference system even for o two bladed rotor a constant
coefficient system of equations. Usuaclly, the support is stiffer

vertically than horizontolly., In this case the tgb bladed rotor

.and support system cannot be described in terms of constont coeffi-
cients. Insteod, a Floquet type of analysis with periodic coeffi-
cients must be used. This type of analysis has been described in man
papers though it probably has not as yet penetrated the " working
level " , TheFoupled modal anglysis will show at whot>rotor speeds
resonance free operation is possible aond whether a mechanical type
of instobility exists, Later dynaﬁic tests will usually show

considerable devictions from the predictions,

5.2 Anolysis of Forced Response

The forced responses outside resonances are reasoncbly well predic-
taoble. However, in the vicinity of resonances the response depends
on the assumed aerodynamic and structural damping which are both
difficult to estimaote. Unless experience with similar geometries

‘ and structures are availaoble, o prediction of a ‘resonaonce response

is unreliable. It can only be determined by tests.

5.3 Transient Analysis

Time histories are combuted for a number of critical transients
like a single gust or a sudden drop of .the generctor load. The
accuracy of the response is not better thon that of the ocerody-

namic assumptions or of the structural representation of the system.
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The transients are selected such that ah_upper limit of rotor
speed, thrust or torque con be expected.

5.4 Roandom Input Analysis

A random input cnolysis requires knowledge about the wind spectrum
and about the dynomic properties of the structure. As mentioned

before, it is used routinely in airplane structural dynomics.

It has not been adopted os yet by the helicopter industry despite
of many pertinent papers on the subject matter. It is felt that

for wind turbines a random input analysis will be important

in order to differentiate the dynomic loads for various sites

ond for various types and sizes of wind turbines. A fotigue ano-
lysis should be based on the probabilities of load occurances.

In contrast to the case of fhe helicopter with its severe mcneuver
load criteria, it seems dubious whether for wind turbines o similar
substttute case con be defined without leading to an unreasonable
and costly over design. Only a random input anolysis will bring
out the large differences between smaller wind turbines which
respond to an entirely different part of the wind spectrum as com-
pared -to large wind turbines which respond only to the very low
frequencies in the wind spectrum. For this reason large wind
turbines seem to require less sophisticotion in the structurol
dynamics analysis. A considerable part of the wind spectrum for

the higher frequencies is absorbed by o large wind turbine without

‘causing a noticeable response.

5.5 Aerocelostic Staobility Anaclysis

- Lineor ceroelostic instabilities ore relatively easy to predict.

Bending-torsion flutter can occur for torsionolly soft blades.

The softness may originote in the control system, particularly

if blade pitching moments are spring baolanced for control pur-
poses. A whirl instability con occur if the lowest tower or naocelle
naturol frequency can coincide with the frequenéy of turbine rota-
tion. Two-bladed rotors are particularly vulnerable to whirl in-
stability unless there is a large difference between the support
stiffnesses in the plane of rotation. Such differences occur in
free yowing turbines between $he verticol ond horizontaol dkrection.
Mechanical instobility can occur as a consequence of coupling the

in-plane blade modes ond rotor support modes.| jnear paorometric ex-

citation can be treated with a Floquet type of analysis.
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While these types of aqeroelastic instobilities are readily analy-
sable, stall induced instabilities are not. Two blodedlhelicopters
with teetering rotors have suffered from destructive stop poun-
ding conditions induced by stall, and many fatal accidents have
been caueed by this phenomenon. Stop_ pounding was repeatedly ob-
served for the MOD-0 machine in the configuration with teetering
blodes. 1t occurred during gusts ond persisted even after pcssing
of the gust. The stall limits in this configuration were reduced
by operating at 33 RPM rather than at the normal 40 RPM, No reliabl;
analytical method to treat the stall induced stop pounding pheno-
menon exists. For turbines with teetering blades sufficient stoll
margins must be kept even in the presence of strong gusts. It may
become necessary to elastically restrain the teetering motion
as has been done for some small two bladed wind turbines and also
for some helicopters. Analytical methods need to be developed

to treot the stall induced stop pounding conditions.,

Summary and Conclusions

The application of available cnaolytical methods can not guarantee
.a correct pred?ction of structurol dynamics properties of wind
turbines. Many of the methods are too complex for aopplication to
the dynamic design anyway. The cerodynamic inputs are crude and
oversimplified. The estimate of stiffness characteristics is dif-
ficult and may be erroneous. Particularly large errors must be
expected in the prediction of resonance responses because of the
uncertainties about aerodynamic and structural damping. Random
inputs should be used where available. Random response analyses

are the natural tools for determining the long term structuracl
survival probablity., While the analyticol tools for estimating
linear aerocelastic stability margins are at hand, this is not

the case for stall induced non-linear phenomena like stop poun-
ding of teetering rotors. Because of the unrelioq;ility of analy-
ticol predictions, funding of new wind turbine projects should in-
clude a generous portion for an extended period of development
testing to correct po§sible errors in the structural dynomics desigr
The structural dynamfcs problems are relatively benign for hori-
zontal . oxis wind turbines, particularly for upwind designs. Thesg
problems are more difficult for vertical axis machines with their

strongly non-uniform blade loads aggravoted by wake crossings.
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REVIEW OF DYNAMICS TOOLS FOR DESIGN OF LARGE WIND TURBINES
by

R.W. Thresher
Oregon State University

for
R.L. Thomas, Manager

Wind Energy Project Office
NASA Lewis Research Center

BACKGROUND
The primary analysis tocl used for the design of large wind systems is
one of several computer codes especially developed for predicting dynamic
behavior of wind turbines. Most of these codes have their analytical origins
in the field of helicopter dynamics. The following is a list of some of the
codes which have been used to design the current generation of wind turbines:
a. MOSTAB-HFW -- developed by Paragon Pacific, Inc., under NASA
contract, used for rotor loads calculation; employing a time
domain analysis. The code is in the public domain.
b.  MOSTAS -- developed by Paragon Pacific, Inc., under NASA
contract for a complete multi-degree-of-frcedom system analy-
sis, which can provide solutions in either the time or fre-
quency domain. This code is also in the public domain.
c. F-762 -- developed by Hamilton Standard for multi—degrec—éf-
freedom time domain solutions of turbine dynamics problems.
A proprietary code.
d. GETSS -- developed by General Elcctric Co. to perform multi-
degree-of-freedom frequency domain analysis. A proprietary

code.
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e. REXOR-WT -- developed by Lockheed-California Co. for multi-
degree-of-freedom dynamic analysis in the time domain; A
proprietary code.

In addition to these computer codes, the designer and the analyst generally
use a number of ad hoc codes to examine specific issues.

A question of major importance is the validity of the computer codes,
and the accuracy of their predictions. The code validation efforts which
have been on-going since the beginning of the wind program have generally
shown reasonable accuracy. This capability has led to a general feeling
of confidence in the industry, which has allowed designers to pursue a
rapid design evolution in the space of only a few years. It is generally
accepted that rapid design evolution is closely tied to the ability to
forecast dynamic loads, and that reducing energy costs is in turn linked
directly to continued design evolution. This is illustrated by the factor
of two decreases in energy cost from the first generation Mod-1 wind turbine
to the second generation Mod-2 turbine.

The first generation of wind turbines is considered to be a stiff de-
sign. They have truss towers with natural frequencies greater than twice
the rotor angular speed. In addition, the rotor blades are rigidly canti-
levered from thé hub of the turbine main shaft, which is also structurally
étiff. The "stiff design' is generally considered to be a conservation
approach; however, this philosophy requires the use of more material and
thus inevitably leads to higher costs. Both the Mod-0 and the Mod-1 are
of this "stiff design',

The second generation of wind turbines, Mod-2, is more flexible. The
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tower natural frequency is between one and two times the rotor speed, and
the tower is a cylindrical shell., Moreover, the rotor is not rigidly
attached to the hub, but is attached through a tceter hinge to allow the
rotor to flap in and out of the plane of rotation and relieve a substantial
portion of the unbalanced aerodynamic loads. In addition, the Mod-2 in-
corporates a more flexible drive shaft to reduce the rotor torques in the
drive train. " These are the major design changes which led to the cost
reductions over the first generation turbines. These changes resulted from
the ability to compute dynamic loads for wind turbines of the "stiff design",
and the associated design computations showing that it would be impossible
to build a cost competitive machine using this approach. As a natural
outcome, designers looked at the benefits of a more flexible turbine. The
computer codes tended to confirm that the loads would in fact be much re-
duced with the more flexible machine, and the second generation Mod-2 was
developed. However, it should be noted that the computer codes had not been
validated for these flexible designs, so that the evolution toward a '"soft
design" involved significant risk. It seems doubtful that private com-
panies would have taken this step without support.

With this background in mind, it is appropriate to attempt to look
ahead to see what sort of improvements will be under consideration for the
next generation of wind turbines. Then with the technology direction in
mind, it is easier to examine the question of the readiness of the dynamics

tools.

THE NEXT GENERATION

Cost is still the key to wind turbine design, but as with the past
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generation of wind turbines, reduction of the dynamic loads is scen as the

means to achieving the major cost reductions. Although there is not com-

plete agreement on the configuration of the next generation, the following

tabulation gives some of the features being considered:

Most Probable

a. Soft tower

b. Teetered hub

c. Soft drive
train

Possible

d. Free yaw

to reduce cost and attempt to dynamically
uncouple the tower from the rotor and nacell:.
The tower natural frequency may be lower than
1/2 the rotor frequency.

to reduce loads transferred to the tower and
possibly to reduce yaw moments, or for yaw
heading control iﬁ free yaw systems. Improve-
ments depend on placing the teeter hinge

at an angle, delta-3, to obtain cyclic pitch
control with teetering.

to uncouple the rotor from the gearbox and
generator, and reduce loads, which will in-
crease fatigue life and improve the turbine

output power quality.

to improve heading control, reduce yaw loads,
and increase energy capture over controlled
yaw turbines. This has precedence since most
small systems are free yaw; however, small
systems seem to have a fairly high failure
rate which has often been blamed on erratic

yaw behavior,
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e. Passive pitch - to simplify thec machines and eliminate
control

a failure prone element. This includes
fixed pitch rotors which seem to have
appeal for reducing costs. This requires
operating the rotor fully stalled.

f. Variable speed - to increase the energy capture and improve
the turbine power output.

From this list it is clear that the trend will be toward turbines of much

greater flexibility, and a greater degree of control freedom.

In general, this increased flexibility and greater number of rigid body

degrees of freedom greatly changes the analysis codes from the ones which

were validated for the "stiff design' such as Mod-0 and Mod-1. For this

reason, ! would like to examine a validation case in more detail.

A VALIDATION CASE

In order to be an effective design tool for thec next generation of wind
turbines the computer codes must be applicable to the configurations under
study. The major problem with soft structures is that they move more than
stiff ones and the effect of damping becomes important. Much smaller exci-
tations can now have an effect because the greater flexibility allows the
response to build near any resonance, depending on the amount of damping.
In addition, there are many more resonances in the lower frequencies where
the various excitations are stronger.

To get an idea about hqw well the computer codes can handle this prob-
lem, I have selected two figures from a code evaluation report (NASA TM-7910]1),
which illustrate the problem. Figures 2 and 3 from this report are shown

below:
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Figure 2. - Comparison of experimental and analytical
bending moment time histories for single yaw case
(at 5% blade span).

The measured data in this case is for the original Mod-0 with stairs and a
single yaw drive unit. As indicated in the report, this gave a pronounced
responsc with large blade loads and significant side to side motion. This
is just the sort of situation one would envision for a soft system oper-

ating near a resonance. However, this is probably a less difficult problem
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for the codes than a soft system with a teetering hub in free yaw. Examina-
tion of the above figures shows that the mean load and the overall cyclic
load are predicted fairly well, but the fine structure is not very well
described. At first this may not seem too important, but for the new soft
systems it is important to be able to sort out whether cyclic response, such
as shown in the flatwise moment, is due to some design feature, or an arti-
fact of the cémputer code, as in this case. Furthermore, the codes will
have a more difficult task predicting static and dynamic stability in the
presence of rather uncertain aerodynamic forces, caused by the large
structural motions of the more flexible systems. This sort of problem has
already occurred with the F-762 code, which gave rather poor yaw trim
predictions in the Hamilton-Standard wind tunnel tests.

In general, the yaw forces are the integrated effect of large cyclic
forces, similar to those of Figure 2, and a small systematic error has a
large influence on the yaw trim prediction, but a negligible effect on the
blade bending moment. Finally, it is difficult to feel great confidence
in our understanding of the dynamics of wind systems if Figure 3 represents
our best effort. The fine detail is wrong, and thus the harmonic content
is incorrect. I would conclude that the model is missing some important
physical phenomena.

To conclude this particular discussion, it is my opinion that the
computer codes are not ready to provide the sort of guidance which would
be most helpful in sorting out the best features for an advanced '"soft
design'" from the list of interesting possibilities described above. The
codes have not really been validated for this sort of task, because there
has not been an experimental machine of the proper configuration with

which to pursue this validation.



I11-8

SOME THOUGHTS AND SUGGESTIONS

The design considerations for the new '"soft" systems which see; to be
of concern to a large number of people are the following:

1. Dynamic loads and their computation for soft structures.

2. Static and dynamic stability of flexible turbines.

3. Control system interactions with the flexible structure.

4, Fatigue life and its computation.

These design considerations are directly related to the following basic
technical issues of broader interest:

a. Yaw aerodynamics modeling and turbine forces.

b. Turbulence and the resulting aerodynamic forces.

c¢. Stall phenomena and the resulting aerodynamic forces.

d. Wake behavior and aerodynamic forces.

e. Damping in wind turbines and the resulting loads.

The design concerns and the technical issues are tied together in several ways,
but the basic problems stem from a lack of understanding of fundamental physics
as it applies to wind turbines. It may be that we can no longer just adapt
helicopter technology to the needs of wind turbine development; we may need

to formulate our own theories.

I see two related tasks for improving our dynamics analysis capability
fo reduce_the risk associated with the development of an advanced generation
of wind turbines. The first involves providing the necessary data with which
to systematically revalidate the computer codes for the new soft contigur-
ations. This must be done in such a manner that the areas of strength and
weakness in existing codes ‘can be discovered. Then the second task will be

to improve the predictive capability. One key bottleneck in this process
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will be the length of time required to change configurations on the Mod-0,
which may require a second experimental turbine. Perhaps a smaller turbine
of around 30 ft. in diameter would be adequate for some areas of work; it
would be less expensive to modify and take far less lead time. The work
should not only involve code validation, but must include validation of
theory. This is the one area that has received little attention in the past,
and is much more important for the advanced designs, because of our limited
understanding of the basic physics.

Another area that I feel will become of increasing importance is the
response of the more flexible designs to wind turbulence inputs. Much of
the turbulence input can be thought of as a fluctuating component which is
uniform across the rotor disk, but there is a s€cond component which is just
as important. The second component involves the turbulence gradient which
makes the velocity different on opposite sides of the rotor disk, and can be
thought of as a fluctuating wind shear that can occur at any orientation.

Its mean value is zero, but at any instant it has some random magnitude and
direction. This turbulence gradient causes teeter motions and yaw motions
for free yaw machines. I think that the turbulence gradients may account for
some of the observed cyclic responses that seemingly occur without a change
in nacelle wind speed. Some of the necessary data to examine this type of
response may already be recorded, but it probably is not in a very good
format for this-work. In addition, wind measurements that allowed compu-
tation of these turbulence gradients would improve the prospects of under-
standing the turbine responses, and probably improve code validation efforts.

In another wind relatéd‘matter, it seems that the development of a set

pf extreme load and wind statistics for the field test turbines would be
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most useful., I would suggest cdllecting the data in statistical form using
the method of bins. For a given wind speed bin, the minimum data should
include the mean loads and the variances, and some type of information on
the extremes. I would accumulate this data in yearly periods, or in scasons.
This would provide considerable insight for fatigue computations. I recog-
nize that there are an infinite number of ways to present the data, but I

am looking for a means to get the general picture without having to examine

large amounts of data.

ONE POSSIBLE APPROACH

I suggest that the Wind Program should provide the basic data with which
the technical community could validate their analysis codes for highly
flexible turbine systems. This could be done in a number of different
ways. Possibly by soliciting test programs to be run on the Mod-0 experi-
mental turbines, or by jointly planning with the industry a set of experi-
ments that would cover a range of important features. I favor a very basic
set of initial experiments planned and executed by NASA Lewis Research
Center, with guidance from the technical community. These first experiments
would then be followed by a series of industry-requested test programs
that would aid in the development of specific designs, or would help in
understanding the fundamentals of wind turbine dynamics and aerodynamics.
All data from these experiments would be in the public domain, but the
specific use for any data could be totally up to the user. The criteria
for accepting and scheduling test programs could be a problem, but as long
as thg experiments are fairly basic and the lead time is not too long the

problems will be minimal. This type of program gives the initiative to
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the industry, but allows shared data for the benefit of the entire program,
It starts out with the validation of the "soft systems' which I feel is
of great importance at this time, and it provides for the validation of
new theories and designs. In addition, it allows the opportunity to
introduce cost sharing in the experimental program at some appropriate time.
Although it is clear that the turbine manﬁfacturers prefer to develop
and maintain their own dynamics codes, I think that is is important for
NASA to maintain the development of some competitive dynamic analysis
capability; however, this does not need to be a MOSTAS type of general
purpose code. This NASA capability is required to run a safe and orderly
'test program. If NASA is to assist in the development of an advanced low
cost wind turbine, the ability to analyze ncw innovative designs for
dynamic capabilities is necessary. In addition, the wind turbine manu-
facturing field is new and companies may both enter and leave the field
in the near future, so with one dynamics code in the public domain, the

field is always open and less capability is lost should someone drop out.

DIRECT RESPONSE TO THE REVIEW QUESTIONS AND SUMMARY

1. The dynamic analysis codes have good predictive capability
for the less flexible turbine designs, but I do not feel
.that they are satisfactory to support the design of a
generation of highly flexible wind turbines. The
computer codes have not been validated for the soft
systems.

2. It is my opinion.that the Large Wind Turbine technical community
is making usé of the available codes, generally their own,

However, most of the design teams are not confident of their
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codes for the new fle;ible turbines, although few would

openly admit it.

I suggest that NASA should provide the data for a soft system

valdation effort, and should move ahead to assist the industry
with several combined theoretical and experimental studies to

improve the dynamics predictive capability.
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INTRODUCTION

The Department of Energy (DOE) administers a broad program to harness the wind
to produce energy. As part of the program the NASA Lewis Research Center
(LeRC) has been managing development of a category of large wind turbine
machines. Being rotary machines with large flexible rotors these wind
turbines have some potential for problems of structural vibration and dynamic
instability. This is an assessment of these two aspects of structural
behavior based on a short investigation of the recent experience. The subject
as a whole is referred to as "Structural Dynamics."

CHARTER AND METHOD

The assessment was authorized by reference 1 wherein the Director of Energy
requested a short review/assessment of structural dynamics technology in the
wind turbine development program. Three objectives were ascertained from
reference 2 wherein the Manager, Wind Energy Project Office gave guidelines:
(1) Determine whether structural dynamics analysis tools are adegquate to
support design of the next large wind turbines, (2) Determine whether the
tools are being satisfactorily utilized, and (3) At the reviewer's discretion,
make any other comments on the whole field of wind turbine structural dynamics.

The method agreed on was that the reviewer should attend the Second DOE/NASA
Wind Turbine Dynamics Workshop and base the assessment on what could be
learned there, augmented if necessary by telephone interviews with LeRC and
contractor personnel. 1t is understood that other reviewers of structural
dynamics were assigned as well, but that there are no requirements for
coordination or consensus.

BASIS

During 1976-77 the reviewer served as Chairman of the NASA Ad Hoc Committee
for the Review of Structural Dynamics for Wind Power Turbines. This was a
deep review by a team with broad expertise, and the objectives were
essentially the same as those of the current assessment. Reference 3 is the
report of the committee, and of course this assessment relies on that report.
In advance of the workshop the Wind Energy Project Office forwarded relevant
reports issued since a compilation they made in 1976 (ref. 4). These reports
have been taken into consideration.

As planned, the reviewer attended the workshop during February 24-26, 1981 and
there received a great deal of information essential to the findings and
determinations. The workshop sources are itemized as follows:

1. Reports by LeRC staff reflecting direct experiences with the DOE/NASA
large wind turbine development programs and with test programs utilizing the
wind turbine operated by NASA at Plum Brook Station.

2. Reports from the universities and industry on research and development of
analysis methods applicable to wind turbine structural dynamics.
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3. Briefing to the workshop participants by Boeing Company personnel on the
status of the development of the Mod-2 wind turbine.

4, Briefing to the workshop participants by LeRC staff on the status of a
current investigation of a failure involving separation of a coupling in the
drive system of the Mod-1 wind turbine.

5. Planned open discussions by the workshop participants.

6. Private discussions with Boeing Company personnel about the Mod-2
development.

7. Extensive private discussions with personnel of the Hamilton Standard
Company about the wind turbine development programs this company has
undertaken.

8. Reports from the community interested in small wind turbines.
9. Private discussions with a manufacturer of small wind turbines.

The participants at the workshop represented well all technical viewpoints on
wind power.

The workshop procedures allowed written questions to speakers with the
speakers required to answer orally within time 1imits and required to provide
written answers to all questions in the forthcoming proceedings. The reviewer
systematically posed questions to the speakers about structural dynamics
issues and in both open and private discussions systematically exposed
personal perceptions about the issues. In this manner the subsequent
assertions of this assessment were tested broadly against the reactions of the
community. There was general concurrence.

In followup the reviewer conducted extensive telephone interviews with
appropriate personnel at: (1) General Electric Company, (2) Hamilton Standard
Company, (3) Boeing Company, (4) NASA Ames Research Center, (5) LeRC, and (6)
DOE. The industry people seemed to be in all respects candid.

FINDINGS

Perceived Status of Projects: Under DOE/NASA projects since the prior review
{ref. 3), a number of Targe wind turbines have been placed in experimental
operation, in public utility modes, at widely dispersed locations. The list
of operational machines is:

Designation Number Rotor Designer
Operational Diameter
(ft.)
Mod-0A 4 125 NASA
Mod-1 1 200 General Electric

Mod-2 1 300 Boeing
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Two more Mod-2 machines are scheduled to be placed in experimental service
shortly. Considerable operational experience has been built up for the
relatively smaller Mod-OA machines. Operational experience with the
relatively larger Mod-1 and Mod-2 machines is limited but is sufficient to
establish structural dynamics behavior.

The Hamilton Standard Company is developing a machine (dia. 260 ft) evidently
with commercial markets in prospect. The company is under contract to provide
one of these machines to the Department of Interior (DOI) for service at
Medicine Bow Wyoming. The Boeing Company and the General Electric Company are
currently working under separate DOE/NASA contracts to design a category of
machine designated the Mod-5. The object in these efforts is to bring to bear
the best technology possible to drive down the cost of the energy produced.
Rotor diameters for these machines could go to 400 ft. Negotiations are
currently under way for a DOE/NASA contract with the Rockwell International
Corporation to produce an improved machine with the smaller Mod-0A scale.

This machine would be designated the Mod-6H.

Evolution of Designs: The Mod-0A and Mod-1 configurations conform to a
baseline configuration which was much studied in the prior review. For the
baseline machines two developments since the prior review should be noted:

(1) On the Mod-0A machines the original blades which were of metallic,
basically riveted aluminum, construction have been replaced by blades of
laminated wood construction. (2) For both the Mod-0A and Mod-1 machines a yaw
brake has been installed. This brake is fully applied when the nacelle is
stationary and partially applied even when the nacelle is being traversed by
the yaw drive system.

The Mod-2 machine incorporates the following changes: (1) Upwind operation,
(2) Pitch control utilizing only an outboard portion of the blades, (3) No
blade coning, (4) Teeter hub, and (5) Cylinder Tower. The nacelle yaw
position is controlied (obviously necessary for upwind operation).

The Hamilton Standard machine may feature other differences including: (1)
free yaw and (2) flexible tower. The free yaw concept eliminates requirements
for yaw control mechanisms such as drive and brakes but necessitates downwind
operation.

The Mod-5 and Mod-6H machines currently contemplated probably will not show
configuration changes other than those which have been enumerated. Advanced
materials and structures for the blades and advanced design of the power train
may be expected.

Evolution of Design Approach: With regard to structural dynamics the baseline
design approach has been to aim for a system which is stiff throughout with
all resonance frequencies placed above the rated rotation frequency. To
preclude amplification of inherent vibrations the designers have tried to
avoid coincidence of resonance frequencies with integer multiples of the rated
rotation frequency. For rotors with two blades, which all these machine
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utilize, it is considered particularly important to avoid resonances at the
two per rev frequency. Generally speaking, rotating macnines may exhibit
several categories of dynamic instability. However, if all resonance
frequencies are placed above the one per rev frequency as has been discussed
most of the categories can be ruled out. The designers feel that it remains
necessary to check for aeroelastic instabilities as part of the substantiation
of a design.

Referring to he Mod-2 machine, Boeing's design approach for structural
dynamics departs in only one respect from the baseline approach of a system
which is stiff throughout. That is the introduction of a teeter hub. The
designers adhere to the principle of placing all resonance frequencies above
the one per rev frequency and also to the principle of avoiding coincidence of
resonance frequencies with integer multiples of the rated rotation speed. It
has been considered necessary to make analytical checks for aeroelastic
instabilities. The teeter hub does not introduce possibilities for new
categories of dynamic instability.

The Hamilton Standard machine apparently could depart in at least three ways
from the baseline approach. There could be at least two articulations: (1)
teeter hub and (2) free yaw, and (3) according to the flexible tower concept
some resonance frequencies could be placed below the one per rev frequency.
The last introduces the possibility of additional categories of dynamic
instability. The types of dynamic instability which can be hypothesized are
listed in reference 3. It is considered necessary to make analytical check
for all these types of instability.

Influence of Vibrations: The prior review (ref. 3) identified a few
categories of vibration determined to be of possible significance bearing on
service life., The categories identified were all cyclic vibrations. No
significant transient vibrations were noted. The possibly significant cyclic
vibrations were determined to be predictable and to be in principle
controllable within the baseline approach of a system which is stiff
throughout.

At the time of the review there was a much discussed concern about
amplification of inherent lateral vibrations due to resonance at the two per
rev frequency. The factors controlling the relevant resonance behavior were
identified to be tower bending stiffness and stiffness of the yaw controls.
The Mod-1 designers were then inclined to the conservative approach of
elevating these stiffnesses to place the resonance frequency above the two per
rev frequency. It was recognized as a cost/risk issue whether the designers
should use some other method to control this resonance. Noted alternatives
included: (1) Tune the lateral resonance below two per rev and (2) Use a
teeter hub to reduce requirements for stiffness of the yaw controls. As it
has turned out the Mod-1 designers stuck with the conservative approach.
Evidently the Mod-1 operational data now show that with this approach
vibrations were quite adequately predicted and controlled, and no categories
of vibration other than those identified by the review have been found. The
approach led to two cost incurrences: (1) the yaw brake and (2) increased
gages in the tower structure. A yaw brake was eventually installed on the
Mod-0A machines after attempts to increase the yaw control stiffness by other
methods.
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The Mod-2 designers elected to tune the lateral resonance below the two per
rev frequency (but above one per rev) and to use a teeter hub. However, the
decision to go to the teeter hub was evidently motivated more by consideration
of yaw control loads than by consideration of vibrations. Evidently except
for the unavailable oscillating blade gravity loads, cyclic vibrations are
altogther insignificant in this machine.

Influence of Dynamic Stability: For all the operational machines it appears
that considerations of bfade flutter could have been critical in sizing the
blade pitch controls. It is difficult to be sure about this from a brief
investigation because a number of factors influence the design of these
mechanisms and the designers do not readily call to mind the interplay of
factors. It is clear however that considerations of dynamic stability have
influenced the design of no other mechanical components of the current
machines.

As has been noted, the Hamilton Standard Company may elect to place resonances
below the one per rev frequency introducing the possibility of additional
categories of dynamic instability. This is recognized to make analysis checks
for dynamic instabilities more demanding and critical. There are precedents
for such analysis in the usual treatments of helicopter ground resonance and
air resonance, and apparently Hamilton Standard is mounting an adequate
analysis effort. The parent corporation, United Technologies, encompasses
companies which design helicopters and aircraft propellers and also an
industrial laboratory which normally deals with dynamics of rotary machines.
Project personnel have been identified who are deeply experienced in both
theoretical and practical aspects of the essential disciplines.

Analysis Methods for Vibrations and Stability: The prior review found that
there 1s adequate basic knowledge for analysis of wind turbine structural
dynamics and noted a tendency for developer companies to try to set up digital
computer simulations of structural dynamics behavior accounting for all system
interactions. Attention was called to NASA support of the development of a
computer simulation, bearing the acronym MOSTAS, with projected capability to
predict structural dynamics behavior and to predict loads and performance as
well. The idea was that the code would be generally applicable and available
to all. It was pointed out that all these computer simulations depend on
supporting structural analysis and that adequate computer aids for this
structural analysis, such as the NASA supported NASTRAN code, are widely
available.

Relevant subsequent developments discovered by this investigation are:

1. Very generally the companies with wind turbine development contracts have
worked out their own methods and computer codes for structural dynamics
analysis and they have done this in a timely manner.

2. A1l the companies have used the NASTRAN code for the supporting structural
analysis and the results have checked well with structural tests.

3. Very generally the companies have utilized separate procedures for
analysis of vibrations and dynamic stability.

4. 1In one instance a company tried the MOSTAS code and rejected it as
unreliable.
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5. 1In one instance a company used a code developed inhouse at a government
laboratory (NASA/Army Ames Research Center) for substantiation of dynamic
stability.

6. In one instance a company used MOSTAB (a government supported code which
is a predecessor to MOSTAS) as an aid for vibrations analysis.

7. In two instances companies have made direct use of personnel and methods
from the helicopter industry for substantiation of dynamic stability.

8. None of the companies conveys any impression of inadequacy to deal with
structural dynamics analysis nor do any of them seem to be seeking assistance.

Analysis Methods for Drive Train Dynamics: For wind turbines probably the
most important outstanding design problem with a conceivable structural
dynamics connection is the problem of achieving acceptable power quality.

Here interactions between the electrical and mechanical systems come into
play. The challenge is to design a power control system with sufficient
stability and precision to meet public utility standards considering that the
controlled element, the rotor, is very large and is flexible and that the flow
of air from which the energy is derived varies randomly in speed and may be
turbulent. For the most part this subject is behond the scope of this
assessment. However, it is appropriate to ask if structural dynamics analysis
tools are adequate for attacks on power control. It is very generally
acknowledged that the answer is yes. It appears that in modeling the
essential drive train dynamics the structural representation can be
considerably simplified because the key frequencies are low, permitting if
desired the assumption that the rotor is rigid. It follows that the
structural components of the drive train can be represented by straightforward
one-dimensional chains of torsion springs and rotary inertias. Such
one-dimensional models are currently widely used for design studies of power
dynamics. One company has checked the one-dimensional representation against
a more comprehensive model accounting for blade elasticity. The conclusion is
that the simpler structural representations in use are valid.

Comment on Structural Failures: There have been some in-service structural
failures with conceivabTe implications that dynamic loads were missed or under-
estimated: (1) The original blade design for the Mod-OA machines showed a
propensity to crack and for this reason has been replaced with another design
(as noted). (2) Some Mod-1 tower bolts failed. (3) A bolted coupling in the
Mod-1 power train failed. Also, external to the NASA managed projects, there
have been numbers of failures of small commercially developed wind turbines at
the Rocky Flats evaluation facility. There was much discussion of these small
machine failures at the workshop.

Careful questioning of responsible personnel at LeRC indicates that both the
original and the replacement Mod-OA blade structure designs have now been
fatigue tested. The replacement blades survived fully simulated service
loading whereas the original blades did not. In these tests the original
blades evidently failed in the same manner as they did in the service
failures. These facts are strongly indicative that the problem with the
original blades lies with structural design and not with loads assessment.
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The reviewer has some experience with investigation of bolt failures in rotary
wing aircraft. It is really not possible to deduce much about the adequacy of
design loads from bolt failures. The reasons are: (1) Bolt stress and the
security of bolts depend on installation procedures and it is seldom that the
rigor of such procedures can be established on a post-hoc basis. (2) With
respect to the nominal design loads, bolted fixtures are usually so
conservatively designed that failures cannot be logically related to the
nominal loads.

Responsible personnel at LeRC, Boeing Company, and Hamilton Standard Company
were interviewed very carefully as to how loads criteria have been derived and
which categoreis of loads have been identified as critical for service life.
The prior review (ref. 3) recommended that LeRC accord responsibility for
developing loads criteria to industry. It appears that LeRC followed this
recommendation by according full scope, with sufficient funding, to the Boeing
Company to develop loads criteria as part of the Mod-2 development. It
further appears that a careful job was done guided by good company and
consultant expertise in wind statistics. The current developers are using
essentially the same wind statistics as worked up by Boeing.

Loads which could ordinarily be termed “dynamic® have not emerged to be
critical for structural design. The hurricane wind load is important.
Significant repeated loads are: (1) Start-stop cycles and (2) (to a lesser
degree) gusts. Yaw (torsion) loads on the tower may count among the repeated
loads particularly for upwind operation. The only critical cyclic loads
identified are the once per revolution gravity reversals on the blades which
affect sizing of blade roots and hub. A1l of these loads can be calculated on
an assumed-static basis.

The reviewer attributes the numerous failures of small commercial machines to
the difficulty for small (often new) companies to muster the demanding loads
assessment, resonance placement, and fatigue design efforts which are required
and to which large aerospace companies are accustomed.

DETERMINATIONS

1. Structural dynamics analysis tools are adequate to support design of the
next large wind turbines.

2. The tools are being satisfactorily utilized.

3. NASA should expedite the development of the MOSTAS code to the point of
validation and documentation or cancel the project.
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We agree with Hohenemser's conclusion in Section 5.1 that a constant-
coefficient analysis is inadequate and that a Floquet analysis is needed. We
have added Floquet analysis to MOSTAS, but this extension has not yet been
validated.

Action Item No. 3: Validate Floquet analysis section in MOSTAS by June

1982 (D. C. Janetzke)
In Section 5.4, Hohenemser calls for a random wind input capability for loads
analysis. Thresher also makes this recommendation. We have this capability
in the WEST simulator, but it has not yet been validated.

Action Item No. 4: Validate random wind input capability of WEST simulator

by June 1982 (T. R. Richards)

Field data on blade loads are still our first line of attack in establishing
fatigue spectra. We now have a composite spectrum for rigid-hub rotors in
excess of a half-million rotor revolutions. We believe this is adequate for
design purposes. A similar data base will be constructed for teetered-hub
rotors.

Hohenemser concludes that an analysis of teeter-stop pounding induced by blade
stall is needed. We agree, but feel that the emphasis should be on testing of
solutions rather than analysis of the problem. Recent private tests have
shown that soft stops may be the solution. We will probably conduct similar
tests at Plum Brook

Action Item No. 5: Provide analytical support as required for Mod-0 tests

of soft teeter stops (L. A. Viterna)

In his summary, Hohenemser concludes that the state-of-the-art of analytical
predictions is "unreliable" and therefore testing should be generously funded
and extended in scope. We disagree with the use of the term "unreliable" to
describe the state-of-the-art, but we do agree with the need for adequate
testing.

REVIEW BY ROBERT W. THRESHER

Thresher emphasizes the need for code validation for "soft systems" (i.e.
teetered and/or with tower frequencies less than the rotor speed. We agree
with his two recommended actions: (1) Provide data to validate codes (Our
teetered-rotor code validation case V was provided to GE and BEC Mod-5 project
teams) and (2) improve predictive capability (this will develop following (1)).

We disagree that advancements in theory are needed before structurally soft
systems can be analyzed properly. Helicopter experience and our experience to
date with wind turbines indicates that the state-of-the-art understanding of
the "basic physics" is adequate.
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RESPONSE TO REVIEW REPORTS

D. A. Spera, D. C. Janetzke, and L. A. Viterna
NASA Lewis Research Center
Cleveland, Ohio 44135

The conclusions and recommendations presented in the preceding state-of-
the-art reviews were studied by the NASA Wind Turbine Analysis Section, for
guidance in planning future research. Areas of agreement and disagreement
were identified, clarifying notes were added, and action items were
established. A summary of the NASA response to each review report follows.

REVIEW BY JOHN DUGUNDJI

Dugundji believes more gust analysis is required. We agree. During the next
year, Tim Richards, a member of the Analysis Section, will study wind gusts
and the response of wind turbine structures to them, as a Ph.D. dissertation
topic.

Action Item No. 1: Draft thesis on gust response of wind turbines by
September, 1982 (T. R. Richards)

Further work on aerodynamics is recommended by Dugundji, as well as by two of
the other three reviewers. We agree and are working on Mod-0 test plans and
back-up analysis, particularly in the area of stall behavior.

Action Item No. 2: Plan aerodynamics research task by November 1981 (L. A.
Viterna)

Dugundji believes more simple codes, each for a special-purpose dynamics
analysis, should be developed. We agree. Our ASTER code was recently written
to provide a simple model for aercelastic stability analysis. We shall
continue to supplement the MOSTAB/MOSTAS system codes, as recommended.

REVIEW BY KURT H. HOHENEMSER

Hohenemser states that the frequency domain is preferable to the time domain
for stability analysis, in digital simulation. We agree.

Improvements are required in aerodynamic analysis methods, particularly at the
"working level" according to Hohenemser and several other reviewers. However,
Hohenemser does not place much confidence in even the most complex aerodynamic
theories. He prefers extensive testing, such as that done in the helicopter
industry. We believe the term "crude" is a little harsh in Hohenemser's
description of the accuracy of present aerodynamic analysis metnods. We also
disagree with "rather large errors". (See the Spera-Janetzke paper presented
at the July DOE/NASA Workshop.)
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Thresher recommends we (1) define turbulent wind loading conditions and (2)

develop codes which can accept these conditions and give the system's

response. We believe the WEST simulator can come closest to meeting these
requirements. See Action Items No. 1 and No. 4.

The need for load statistics (spectra) was pointed out by Thresher. These

spectra, for "stiff" systems were presented by Spera and Janetzke at the July
DOE/NASA Workshop.

Experiments to validate predictions for soft systems cannot come earlier than
tests conducted on the WTS-4 machine. These will meet Thresher's test
recommendations. Testing of the WTS-4 might very well uncover new dynamics
problems to be solved. This has already been our experience with Mod-0, -OA,
and Mod-2. However, Hamilton Standard's F-762 code should be more than
adequate to support the solution of any new dynamics problems with that
machine. It is a time-domain code with close linkage to H.S.'s control system
code. Our experience with Mod-2 suggests that new problems with the WTS-4
will include control-induced loads and transients. H.S. is equipped to
analyze these types of problems.

We agree with Thresher that manufacturers prefer their own codes. Also, we
agree that NASA should maintain an independent analysis capability (1like
MOSTAS and WEST). However, in most cases the MOSTAB-HFW rotor code will be
adequate to check the manufacturer's analysis results.

REVIEW BY WILLIAM C. WALTON, JR.

We agree with all three of Walton's determinations. The critical one is the
third: Validate and document the MOSTAS code or cancel further work with it.
We are now funding Paragon Pacific to do more validation and documentation of

MOSTAS during the next 18 months. This is the only action recommended
explicitly by Walton.

Action Item No. 6: Resolve MOSTAS validation questions and document by
June 1982 (D. C. Janetzke/PPI)

Item 4 on page 8 is somewnat misleading. Boeing did try to use MOSTAB during
the design phase of the Mod-2 system and did reject it, as Walton points out.
However, BEC rejected MOSTAS because it was still having development problems
and the project schedule did not allow the time needed to solve them. The
code was not rejected for inaccuracy or deficiencies in modeling, nor was it
rejected in favor of another system code, as might be implied by Item 4.

Whatever the reasons for not using MOSTAS to design the Mod-2, we are
committed to making this code a useful analysis tool.



CONCLUSIONS

The reviewers have provided valuable insights which the Wind Energy Projects
Office will use to improve analysis tools and methods. Demonstrations of the

MOSTAS computer code and the WEST simulator are the critical needs identified
by the reviewers.




